Abstract Diaptomid copepods are an important component of biodiversity in inland aquatic ecosystems worldwide but to date little is known about the historical and ecological factors that determined their current distribution. In the present paper, a critical review of the available literature on diaptomid species distribution in the Western Palearctic was performed, and a biogeographical analysis was carried out on the roles that spatial, current environmental, and historical (paleoclimatic) factors played on their actual distribution in this large area. The results show a clear pattern of colonization which is only partially overlapping what has been recently proposed for other terrestrial and aquatic taxa. Disentangling beta diversity into its turnover and nestedness components, we hypothesized a complex post-glacial pattern of recolonization of the higher latitudes, encompassing the importance of extra-Mediterranean refugia in the West (due to mountain chains which represent effective barriers for recolonization coming from the Italian and Iberian peninsulas) and a more typical pattern of postglacial recolonization from southern refugia in the East, where mountain chains are north-south oriented and therefore less effective as barriers.
Introduction
Inland waters are known to host a disproportionally high biological diversity when their limited extent is considered. In fact, they host 6% of the known biological diversity in spite of covering less than 0.8% of Earth surface and containing only 0.01% of world's water (Dudgeon et al., 2006) . The intrinsically fragmented nature of inland water bodies greatly determines their astonishing diversity, but it is their ''Achille's heel'' as well, since it implies a lower resistance and resilience to external disturbance (e.g., Bohonak & Jenkins, 2003; Christie & Knowles, 2015) . Accordingly, inland water taxa are particularly prone to both local and global extinction and several taxa might disappear, and actually disappeared, even before they could be formally described (e.g., Strayer & Dudgeon, 2010; Barnosky et al., 2011; Burkhead, 2012) . This is particularly true for those ''less charismatic'' aquatic taxa which, due to their small size and\or difficult taxonomy, are unknown to most. Describing and understanding the diversity patterns of these organisms are thus pivotal in order to plan adequate survey and monitoring programmes, the first step toward an effective management (and protection) of these important parts of global biodiversity.
Copepods are, along with nematodes, the most abundant metazoans on Earth and one of the major groups among inland water microcrustaceans (Ohman & Hirche, 2001) . They present filter feeding, predatory, and parasitic habits, and constitute a keystone component of aquatic ecosystems worldwide. The copepod order Calanoida, in particular, is very common in the open waters of inland aquatic ecosystems throughout the Earth, with the family Diaptomidae largely characterizing the Holarctic, Oriental, and Afrotropical aquatic biota (Boxshall & Defaye, 2008) .
The family Diaptomidae is currently considered to include three subfamilies, i.e., the widely distributed subfamily Diaptominae, the primarily Afrotropical subfamily Paradiaptominae, and the strictly stygobitic subfamily Speodiaptominae. According to Boxshall & Defaye (2008) , out of the 60 genera and 441 diaptomid species described to that date, 144 species in 25 genera are reported to occur in the Palearctic biogeographical region.
After Tollinger (1911) , other monographs including synopses on Western Palearctic diaptomid diversity and distribution were produced by Kiefer (1978) , Borutzky et al. (1991) , and Dussart & Defaye (2002) . Although these works represent robust pillars in our present knowledge on the topic, they are antecedent to the establishment of those molecular tools which could nowadays allow a comprehensive systematic revision (e.g., Marrone et al., 2010) . Moreover, they also suffer from the problem of data check and validation and contain some justifiable inaccuracies. More recently, Novichkova & Azovsky (2017) published an extensive review on the inland water microcrustaceans (including diaptomid copepods) of circumpolar regions including northern Europe. No similarly vast data collections are at present available on diaptomids in the southern regions of Europe and in the nearby areas of North Africa and Middle East.
According to Schimel (2011) there is a need to perform ecological and environmental investigations at large geographic scales (across regions, continents, or globally). Although this approach requires huge amount of intellectual and economic resources, the increased general awareness on the importance of collecting and sharing data in large databases is immensely facilitating the access to data, reduces costs and brings (i) to develop a deeper knowledge on the actual abundance and distribution of organisms and (ii) to plan adequate biodiversity protection and monitoring plans across countries. Currently available online database such as Fauna Europaea (http://www. fauna-eu.org/), WoRMS (http://www.marinespecies. org/), and FADA (http://fada.biodiversity.be/) provide free and rapid access to an impressive amount of data but, unfortunately, due to their inherent synthetic nature and to the extent of the study areas, they often require a critical analysis (check and validation) when accurate distribution data (and taxonomy) are needed.
To our knowledge, no analysis on the diaptomid diversity patterns in the Western Palearctic region has been ever provided and, according to Fontaine et al. (2010) , this biogeographic sub-realm can represent ''an unexpected frontier for biodiversity exploration.'' This is particularly regrettable, since diaptomid distribution is supposed to be largely influenced by historical factors (i.e., paleogeographical and paleoecological conditions) also depending on Allee effects (e.g., mate finding) during colonization (Leibold et al., 2010; Henriques-Silva et al., 2016) . Furthermore, diaptomid species are good indicators of the ecological conditions of water bodies and some taxa are reported to be excellent indicators for the highly biodiverse, often endangered crustacean communities exclusive to the EU priority habitat ''3170* Mediterranean temporary ponds'' (Sahuquillo & Miracle, 2013; Alfonso et al., 2016; Marrone et al., 2016) .
With this paper we aim at (i) providing an estimate of Western Palearctic diaptomid species richness and distribution; (ii) analyze the role of spatial, current environmental, and historical (paleoclimatic) factors as potential drivers of large-scale diaptomid diversity patterns, attempting to disentangle their relative role in explaining species distribution; (iii) deconstruct diaptomid beta diversity into its spatial turnover and nestedness components, exploring the mechanisms that drive diversity patterns across the Western Palearctic.
Materials and methods

Geographic area of investigation
In the present paper, Western Palearctic included the set of 24 biogeographical regions described in Limnofauna Europaea by Illies (1967) and coded after Hof et al. (2008) , but two regions (WEP and PYR, renamed WPP herein) were pooled based on biogeographical criteria after a preliminary cluster analysis (see below). Six non-European regions (from North Africa, Middle East, and Turkey) were added. North Africa encompasses Morocco (MOR region, including the area of Rio de Oro), Maghreb (MAG, North Algeria, and North Tunisia, excluding the Saharan region and its oases), Libya (LIB, excluding the Saharan region as above), and Egypt (EGY, excluding the Saharan region and the Sinai). The Middle East (MID) included the Sinai Peninsula, Israel, Jordan, Palestine, Lebanon, and part of Syria. Turkey (TUR) comprised the island of Cyprus but did not include the Turkish Thrace.
The 30 limnofaunistic regions as defined above were projected in ETRS89-Lambert Azimuthal Equal Area (LAEA) using QGIS freeware software version 2.14.0 (QGIS Development Team, 2016) . Maps presented herein use as background layer the public domain Natural Earth (http://www.naturalearth data.com). Each region was intersected with coastlines and remote Atlantic islands (i.e., Azores, Madeira, and Canarias) were discarded to avoid the ''island effect'' to influence statistical analysis. Finally, the area of each region and the coordinates of centroids were obtained using the Field Calculator in QGIS. The list of the limnofaunistic regions, their acronyms, and geographic characteristics are reported in Table 1 .
Bibliographical review and nomenclature
Most of synoptic monographies currently available are limited to a specific European country, where among the most commonly used are the keys elaborated by Rylov (1935) , Šrámek-Hušek (1953) , Damian-Georgescu (1996) , Dussart (1967) , Kiefer (1978) , Stella (1984) , Borutzky et al. (1991) , and Einsle (1993) . In addition, there are several more keys related to some European regions or particular groups of copepods as, e.g., those by Rayner (1999) for Paradiaptominae and by Rybak & Błędzki (2010) for Polish (and some surrounding areas) freshwater crustacean fauna.
The large-scale synopses produced by Tollinger (1911) , Kiefer (1978) , Borutzky et al. (1991) , Dussart & Defaye (2001 , 2002 , and Błędzki & Rybak (2016) were used as a starting point for compiling the matrix used for the analyses, which consisted of species occurrence in the 30 regions. A database of the native diaptomid copepods reported to occur in the Western Palearctic was compiled (see the Electronic Supplementary Material ''ESM_Species matrix'' for the complete list of species and their occurrence in the studied regions) from an extensive and critical literature review. Synoptic monographies (although valuable sources of information) unavoidably may actually contain inaccurate or erroneous distribution data [e.g., Eudiaptomus ziegelmayeri (Brehm, 1924) in Morocco, Arctodiaptomus similis (Baird, 1859) in Sardinia, Hemidiaptomus gurneyi Roy, 1927 in Hungary, H. ingens (Gurney, 1909) in France as erroneously reported by Dussart & Defaye, 2002] .
Species distribution data included in the national faunas or identification keys were collated along with those reported in taxonomical, ecological, and zoogeographical papers (see the Electronic Supplementary Material ''ESM_S2_references'' for the complete list of references used, in addition to those cited in the main article). All occurrence data were critically revised and, when possible, checked through dedicated sampling surveys and\or through discussions with local experts.
Considering the uncertain status of several diaptomid subspecies, they were not considered as phylogenetic units; for this reason, subspecies were not included when compiling the occurrence matrix.
Some North African species [e.g., Eudiaptomus ziegelmayeri and Tropodiaptomus schubotzi (van Douwe, 1914)] were not included in the occurrence matrix because they were reported for the Saharan oases (Brehm, 1924; Dumont & Maas, 1987) which lay out of our study area. For the same reason, the presence of Metadiaptomus mauretanicus Kiefer & Roy, 1942 was excluded from Algeria, but the species was included in the fauna of Egypt since it also occurs in the lakes of the Nile Delta (Kiefer, 1958) .
Diaptomid nomenclature was based on Dussart & Defaye (2002) , with the exception of those taxa which changed rank after the publication of this reference work, e.g., Sinodiaptomus sarsi (Rylov, 1923) and S. valkanovi Kiefer, 1938 (revised by Ueda & Ohtsuka, 1998 Makino et al., 2010) , or Arctodiaptomus similis and A. irregularis Dimentman & Por, 1985 (revised by Marrone et al., 2014 . A species of Arctodiaptomus morphologically close to A. stephanidesi (Pesta, 1935) was reported for Italy with this name (Marrone et al., 2006 , and references therein), but later identified as a new species pending a formal description (Marrone et al., 2009 ); this species is reported herein as Arctodiaptomus sp. ''Sicily.'' Neodiaptomus schmackeri (Poppe & Richard, 1892), Phyllodiaptomus blanci (Guerne & Richard, 1896), and Skistodiaptomus pallidus (Herrick, 1879) although occurring in the study area were not included in the occurrence matrix because they are considered as alien species in the Western Palearctic (see Brandorff, 2011; Alfonso et al., 2014; Marrone et al., 2014, respectively) . Sinodiaptomus valkanovi reported to occur in Bulgaria (Kiefer, 1938 (Kiefer, , 1978 , sometimes as Sinodiaptomus sarsi, which is in fact a different species, is here considered non-native in the whole study area (cf. Ranga-Reddy, 1994; Makino et al., 2010) . The closely related autochthonous species S. sarsi is known to occur in the Caucasus (e.g., Weisig, 1931) . Lacking reliable data on the identity of the Sinodiaptomus species occurring in Turkey (Gündüz, 1998) and Ukraine (Mykitchak, 2016) , we have conservatively opted for its exclusion from the analyses. Following Riccardi & Rossetti (2007) , Eudiaptomus gracilis (Sars, 1863) was considered allochthonous in Italy and thus its presence was excluded from the ecoregion ITA (Italy, Corsica, and Malta).
Species richness
Richness was defined as the number of species contained in each region (see Table 1 and Electronic Supplementary Material ''ESM_Tab_S1_species''). Species richness (SR) for each region was corrected for the area effect by applying Heino's (2002) correction, i.e., SR = SR obs /A z where SR obs is the raw species count for each region, A is the area of the region, and z is the constant in a typical species-area relationship. Since z value has been found to vary between 0.12 and 0.17 in continental environments, the intermediate value of 0.15 was selected for this study, according to Heino (2002) . Relationship between species richness and the centroid latitude was assessed by means of generalized additive models (GAM) to account for curvilinear relationships. A matrix with habitat preferences of species (pond-, lake-, and groundwater-dwelling species) was also assembled based on literature and our own observations (see ESM_Tab_S1_species); proportions of species richness found in ponds and in lakes were correlated with latitude by means of ordinary least squares models (OLS). The best model was selected as the one having the minimum Akaike information criterion (AIC). All statistical analyses were performed with R software 3.3.2 (R Development Core Team, 2016), using the package mgcv for GAM (Wood, 2011) .
Species composition
Overall beta diversity for the whole Western Palearctic was measured using b sor (Sorensen's index of dissimilarity) and its components b sim (differences in composition caused by species replacements, i.e., turnover) and b nes (differences in species composition caused by species losses or gains, i.e., nestedness) as implemented by Baselga (2010) . Beta diversity partitioning allowed to estimate the relative contribution of turnover and nestedness to the total amount of faunal heterogeneity.
Variation in species composition among regions was analyzed with b sim , which quantifies spatial turnover, removing the effect of richness differences on beta diversity (Baselga, 2010) . A pairwise dissimilarity matrix based on b sim was computed using command beta.pair in R package 'betapart' (Baselga & Orme, 2012) .
Predictors of species composition
Three sets of variables (spatial, historical, and current environmental variables) were obtained for each limnofaunistic region.
Spatial variables. Considering that longitude and latitude alone were unsatisfactory descriptors of spatial relationships between limnofaunistic regions, distance-based Moran's Eigenvector Maps (dbMEMs: Borcard & Legendre, 2002; were used to describe the spatial structure of the dataset. DbMEMs represent a spectral decomposition of the spatial relationships, producing orthogonal eigenvectors which were used to represent spatial relationships among regions. The first eigenvectors usually described broad spatial structures, encompassing the spatial variation in the whole study area, while the last eigenvectors (with lower eigenvalues) describe fine spatial structures (Dray et al., 2012) . DbMEM eigenvectors were computed using the R function pcnm in vegan from a truncated geodesic distance matrix between region centroids obtained with R package fields (Furrer et al., 2011) . The longest distance connecting two regions in the minimum spanning tree was used as a threshold to truncate the distance matrix. Area (A) of each limnofaunistic region calculated as explained above was added as a further spatial variable.
Historical variables. To measure historical climate stability, we used temperature and precipitation anomalies, defined as the differences in mean annual temperature and annual precipitation between the present and Mid Holocene (HOL, about 6000 years ago) or Last Glacial Maximum (LGM, about 22,000 years ago). Downscaled 30'' resolution paleoclimatic data available in WorldClim 1.4 layers (Hijmans et al., 2005) were used (CCSM4 global circulation model). Mean values for each region of temperature (HOLTa, LGNTa) and precipitation (HOLPa, LGMPa) anomalies were extracted using QGIS.
Current environmental variables. The considered environmental variables, besides region area (A), were those representing key aspects of macroclimate and the main driver of smaller-scale climate variation (topography). Climatic and topographic variables were obtained from WorldClim 1.4 layers (Hijmans et al., 2005) . Temperature and precipitation values are 1950-2000 means or ranges, interpolated to a 30'' resolution (Hijmans et al., 2005) . The following variables were used: mean annual temperature (Tm); spatial range of Tm (Trng); maximum temperature of the warmest month (Tmaxwm); minimum temperature of the coldest month (Tmincm); annual precipitation (Pann); spatial range of Pann (Prng); precipitation of driest quarter (Pdq); precipitation of wettest quarter (Pwq). Actual and potential evapotranspiration (AET and PET) and aridity index (AI) represent c. 1920-1980 annual means at 30'' resolution. AET provides a synthetic index of water-energy dynamics (O'Brien, 2006) , which subsumes ambient energy and water availability, two crucial factors determining the number of ponds and lakes in a given area. Data on AET were extracted from the world map released by Trabucco & Zomer (2010) . PET and AI annual values were obtained from the Global Potential EvapoTranspiration (Global-PET) and Global Aridity Index (Global-Aridity) datasets available from CGIAR-CSI at http://www.cgiar-csi.org/data/globalaridity-and-pet-database (Zomer et al., 2008) . Mean altitude (ALT) and topographic heterogeneity (altitudinal range, ALTrng), the main controls of smallscale climatic heterogeneity, were calculated based on the 30'' resolution Shuttle Radar Topography Mission elevation data available from Hijmans et al. (2005) . Finally, limnicity index (LIMN, i.e., the ratio of total lake area over total region area, Lehner & Döll, 2004) was calculated using the polygon shapefile of lakes, with a surface area of at least 10 ha, available in HydroLAKES version 1.0 (Messager et al., 2016) . Mean and/or range values for each limnofaunistic region of current environmental variables as well as limnicity index were calculated using QGIS software.
Variation in species composition
The patterns of variation in species composition among limnofaunistic regions were inspected by means of an agglomerative hierarchical clustering analysis based on the b sor dissimilarity matrix, using command hclust in R stats package with average linkage, in order to identify groups of regions with similar fauna. The significance of cutting the b sorbased tree into n clusters was assessed by means of Analysis of Similarities (ANOSIM: Clarke, 1993) using the R package vegan (Oksanen et al., 2017) . A cut-off of n = 6 was selected and clusters were mapped in QGIS.
Spatial and environmental correlates of species turnover patterns were assessed by a distance-based redundancy analysis (dbRDA: Legendre & Anderson, 1999) using command dbrda in R vegan package. This analysis allows testing and quantifying the relationship between variability in the table of species occurrences and the three sets of predictor variables (spatial, historical, and ecological) to be examined. dbRDA was used because it can be computed with any dissimilarity index and, therefore, b sim could be preserved in the constrained ordination. Performing dbRDA on b nes dissimilarity matrix did not yield significant results; for this reason, the analysis is not reported herein. To avoid overfitting, a forward selection procedure with double-stopping criteria , performed in R package packfor (Dray, 2009) , was used to select only those variables that significantly explained the variation in the species dissimilarity matrix. This procedure retained the first four dbMEMs (MEM1 to MEM4), which are broad-scale spatial variables, the four historic climate variables, and eight environmental variables (Tm, Tmaxwm, Tmincm, Trng, Pann, AET, AI, LIMN). Collinearity was tested using command vif.cca in R package 'vegan.' After removing highly collinear variables (VIF [ 20) , spatial, historical, and ecological variables were used in a variation partitioning analysis (Borcard et al., 1992; Peres-Neto et al., 2006) using the command varpart in R package vegan. Significance of the different components of variation was assessed performing partial dbRDA analyses and calculating adjusted r 2 values in vegan. Pairwise measures of beta diversity were used to assess the rate of variation in diaptomid faunal similarity with geographic distance. Given the observed patterns of spatial variation in species composition, we assessed whether the rates of turnover and nestedness varied in a significantly different way in northern and southern as well as in eastern and western regions, quantifying beta diversity relationships with geographic distance in longitudinal and latitudinal directions, respectively. Following Freijero & Baselga (2016) , the pairwise dissimilarities were transformed in similarities (i.e., 1-b sim and 1-b nes ). In this way, the decay of b sim with spatial distance was assessed using non-linear regression to fit exponential decay curves expressed as y = a*e -bx , where y is the similarity at distance x, a initial similarity, and -b the rate of distance decay (see Freijero & Baselga, 2016) . The relationship between nestedness similarity and distance was assessed using linear regression (Svenning et al., 2011; Zagmajster et al., 2014) . Spatial distance was computed in kilometers as the geographic distance between the centroids of limnofaunistic regions. To assess for significant differences in b sim and b nes between longitudinal and latitudinal bands, the command beta.sample in the R package betapart (1000 samples) was used. Finally, to assess for significant differences in regression slopes between bands, the frequency distributions of the parameters were estimated by bootstrapping. A frequency distribution of 1000 slopes was retrieved by bootstrapping, using the R package boot (Canty & Ripley, 2008) .
Results
Species richness
After a critical revision of the literature, and considering the updated nomenclature, 94 diaptomid species were considered to occur in the 30 studied regions of the Western Palearctic included in the analyses (ESMAppendix 1).
The countries bordering the northern coast of Mediterranean Sea host the highest species richness even when this value is corrected for the area effect (Fig. 1a) , with the highest absolute value (28 species) recorded in the Dinaric western Balkans (DIN). A unimodal distribution of corrected species richness was clearly revealed as a function of latitude (Fig. 1b) , with the southernmost and northernmost regions showing lower values of species richness.
By sorting species according to their habitat preferences (pond-dwelling vs lake-dwelling taxa) two opposite trends appeared. Proportion of ponddwelling species increased southward whereas lakedwelling species were proportionally more abundant at higher latitudes (Fig. 1c) .
Species composition
Overall beta diversity of diaptomids in the Western Palearctic (b sor = 0.925, n = 30 limnofaunistic regions) was mainly caused by spatial turnover (b sim = 0.880, i.e., 95%), with only a small contribution from nestedness (b nes = 0.046, i.e., 5%).
The overall beta diversity pattern for Western Palearctic, according to the b sor -based cluster analysis, reflected six large clusters (Global R in ANOSIM: 0.886; P \ 0.0001) with strong geographic associations ( Fig. 2): (1) Iceland; (2) north-western Europe including western Central Europe, the British Isles, Scandinavia, Taiga, Tundra, and Dinaric region; (3) Eastern Europe including the Balkans and Turkey and excluding Caucasus; (4) Caucasus; (5) western Mediterranean including the Iberian Peninsula, the Italian peninsula, and the western Mediterranean islands, and Maghreb s.l.; (6) south-eastern Mediterranean, including Libya, Egypt, and the Middle East.
Using dbRDA to analyze and partition the Western Palearctic-scale variation in species composition resulting from turnover (Fig. 3) , the overall explained variance (adjusted r 2 ) was 76.7%. The plot of limnofaunistic regions on the plane defined by the first two axes of dbRDA (explained constrained variation: axis 1 56.4%, axis 2 19.6%; species environmental correlation: axis 1 = 0.956, axis 2 = 0.896), reported in Fig. 3a , clearly showed that, at a broad spatial scale, regions were grouped into the four main groups identified by cluster analysis, with the outliers projected in north-western Europe (Iceland) and eastern Europe (Caucasus) clusters. The first axis represented a large-scale spatial gradient (high correlation with MEM3: Fig. 3c ) separating Mediterranean regions (excluding Greece and Turkey) from the rest of Western Palearctic and characterized by two historical climatic predictors (LGMTa and HOLPa) and by annual precipitation (Pann), aridity index (AI, which in the Global Aridity dataset, increases for more humid conditions, and decreases with more arid conditions), and the temperature-related variables (and, to a lesser extent, by AET and LIMN) as main current ecological predictors. The second axis represented a secondary broad-scale spatial gradient (defined by MEM3 and, to a lesser extent, MEM4); more interestingly, a longitudinal gradient was better defined by MEM1 Moran's eigenvector, which was strongly correlated with historical factors (LGMPa and HOLTa); the contribution of current ecological factors to this gradient was negligible. Regional area as well as their topographical heterogeneity (linked to smaller-scale ecological variations) were discarded by the analysis showing non-significant correlation with the broad-scale dissimilarity matrix assembled for the Western Palearctic. Diaptomid species projected on the plane defined by the first two dbRDA axes (Fig. 3b) Variation partitioning using partial-dbRDAs (Fig. 3d) showed that the shared influence of historical, current ecological, and spatial variables explained 21.5% of total variation, while 18.3% was explained by the shared influence of historical climate and spatial predictors. Pure variation was higher for historical (11.4%) than for current ecological (9.6%) and spatial (6.5%) variation.
Deconstructing the overall pattern of beta diversity into turnover (b sim ) and nestedness (b nes ) made it clear that these two components exhibited divergent spatial patterns. As for Western Palearctic overall, beta diversity within the southern and northern as well as eastern and western regions (as defined in Fig. 4a, b) generally reflected turnover (b sim ) much more than nestedness (b nes ). b sim component varied in percentage between 89% (eastern regions) and 93% (western ones) in the longitudinal direction, being around 90% both in northern and southern West Palearctic. Mean turnover dissimilarity was significantly higher (P \ 0.01) in southern regions (0.76 ± 0.02) than in northern ones (0.67 ± 0.02), while nestedness values did not differ between northern and southern regions (P = 0.81). Both turnover and nestedness values did not differ significantly between eastern and western West Palearctic. Distance decay in (1-b sim ) was statistically significant in all longitudinal and latitudinal bands (Fig. 4c, d ), while pairwise comparisons between bootstrapped slopes of (1-b sim ) decay showed that they were not statistically different between southern and northern Western Palearctic, while they were between western and eastern bands. The latitudinal decay in eastern regions was significantly lower than in the western ones (P \ 0.001). As regards nestedness similarity, relationships with geographic distance were weak (Fig. 4e, f) , although there was a statistically significant, marked latitudinal decay in nestedness Table 1 ; map projection is Lambert azimuthal equal area (ETRS89) Hydrobiologia (2017) 800:45-60 53 similarity (i.e., an increase of nestedness) in eastern Europe. The weak longitudinal variation in nestedness both in southern and in northern West Palearctic reflected a species turnover so high that distant regions did not constitute nested subsets at all. The same was true for latitudinal variation in the western band, while in the eastern part of Western Palearctic, nestedness significantly increased with distance indicating that species-poor regions constituted a subset of speciesrich regions. Fig. 3 Results of distance-based redundancy analysis (dbRDA). a Plot of biogeographical regions on the plane defined by the first two canonical axes (cumulative constrained variation explained: 76% of total variation, unconstrained variation: 68%); colors correspond to the major clusters illustrated in Fig. 2 ; region acronyms as in Table 1 . b Plot of diaptomid species using their correlations with the first two canonical axes; only species showing a highly significant correlation (P \ 0.001) are reported; species acronyms clockwise: Metche = Metadiaptomus chevreuxi; Arcsal = Arctodiaptomus salinus; Neoall = Neolovenula alluaudi; Diaser = Diaptomus serbicus; Arcpec = Arctodiaptomus pectinicornis; Arcbac = Arctodiaptomus bacillifer; Eudvul = Eudiaptomus vulgaris; Acaden = Acanthodiaptomus denticornis; Eudgra = Eudiaptomus gracilis; Eudgrl = Eudiaptomus graciloides; Mixlac = Mixodiaptomus laciniatus. c Plot of the predictor variables on the plane defined by the first two canonical axes; colors represent spatial (orange), historical (blue), and current environmental (green) variables; variable acronyms: see text. d Venn's diagram of proportions of variance explained by the independent and shared effects of historical, current environmental variables and spatial variables as provided by partial adjusted r 2 of the dbRDA canonical model; size of circles and their overlaps are not proportional to the proportion of variance explained (unexplained variance 28.4%); variable groups colors as in Fig. 3c Discussion To the best of our knowledge, the present study provides the first comprehensive analysis of beta diversity patterns in the Western Palearctic diaptomid copepod fauna and the first deconstruction of beta diversity into its turnover and nestedness components for this zooplanktonic family.
Species richness shows the typical hump-shaped pattern already described for lentic animals by Hof et al. (2008) and Dehling et al. (2010) . However, these authors did not consider the regions located along the southern shores of the Mediterranean Sea, which confirmed the general pattern. Nevertheless, the peak of species richness of diaptomid copepods is located between 40°and 45°N rather than between 50°and 60°N. This difference is certainly due to the ecology of the studied taxon. In the northern hemisphere, due to climatic constraints, permanent water dwellers can usually find more suitable habitats at higher latitudes, whereas the opposite applies to those organisms adapted to temporary waters. Actually, diaptomid copepods include species spanning a wide range of ecological conditions (e.g., as regards salinity, hydroperiod, and trophic conditions) with some species exclusively inhabiting temporary waters and others adapted to deep and permanent lakes, not to mention stygobitic taxa (Dussart & Defaye, 2001) . For these reasons, in contrast to what shown by Dehling et al. (2010) , we highlight significant relationships between species richness and habitat availability and diversity. Pond-dwelling species richness actually tends to decrease with latitude following a pattern opposite to that characteristic of lake-dwelling species. The peak of species richness therefore occurs where both habitat typologies are more abundant, i.e., in the countries prospecting the northern shores of the Mediterranean Sea. A similar pattern of species richness was pointed out for groundwater crustaceans, including copepods, by Zagmajster et al. (2014) : groundwater species richness exhibited a unimodal pattern with latitude and the ridge of high species richness at latitudes ranging from 42°to 46°N.
Two ''outlier'' regions are revealed when clustering based on species composition is performed: Iceland (ICE) and Caucasus (CAU). The first host a quite poor fauna, with the noteworthy presence of the primarily Nearctic species Leptodiaptomus minutus (Lilljeborg in Guerne & Richard, 1889) . Caucasus shows a rich and very peculiar diaptomid fauna with the presence of several taxa which are absent in the rest of study area and make this ecoregion an offshoot of Central Asia faunas.
Partitioning beta diversity showed the overwhelming importance of spatial species turnover (95%) compared to nestedness for Western Palearctic diaptomids. This result agrees with the study on beta diversity of Cladocera and Copepoda carried out by Henriques-Silva et al. (2016) in Canada. Although Canadian latitudinal gradients are weaker than in Western Palearctic, and cyclopoid and calanoid copepods were considered together, Henriques-Silva et al. (2016) found that 94% of the variation in copepod beta diversity was due to pure spatial turnover (b sim ). They explained this finding postulating that most of the spatial variation in copepod species composition was unrelated to richness but rather to species ranges that do not overlap (i.e., high b sim ), i.e., that copepod diversity was mainly driven by historical factors (in Canada, the presence of the Beringian refugium). Although diaptomids show a high potential for long-range dispersal due to the presence of resting eggs (Incagnone et al., 2015) , the study of beta diversity patterns demonstrate that they are more dispersal limited than other zooplanktonic taxa like cladocerans (Stemberger, 1995) and use a much broader range of resources which might preclude monopolization from a few species and allow later colonizers, or weaker competitors to persist in unfavorable northern latitude environments (Henrique-Silva et al., 2016) .
Variation partitioning analysis demonstrated that pure historical and shared spatial-historical variations were the most important predictors of beta diversity patterns in Western Palearctic diaptomids. Our results fully agree with the conclusions reached by Leibold et al. (2010) , i.e., that ''legacies of historical biogeographical events have strongly constrained calanoid distributions within this area'' [north-eastern United States].
As a whole, historical factors proved to explain a large amount of total variation and, as expected, turnover was significantly higher in the southern part of Western Palearctic than in the northern part, while the rate of decay with distance was not significantly different between the two areas. This fact seems to contradict the glaciation hypothesis by Svenning et al. (2011) , i.e., that beta diversity patterns are a result of Hydrobiologia (2017) Quaternary climate change (Jansson & Dynesius, 2002) . At the Western Palearctic scale, this hypothesis predicts strong turnover in Southern Europe, where the glacial impact was mild enough to allow refugia as well as local evolutionary diversification; however, a strong difference in beta-similarity decay is predicted as well (Baselga, 2010; Baselga et al., 2012a, b; Freijeiro & Baselga, 2016) . As derived from the analysis of distance decay of turnover similarity in several beetle families, this difference should be a direct consequence of glaciations: southern regions have retained beetle assemblages during longer periods of time, allowing speciation processes to accumulate and thus increasing the differences between regions. In contrast, beetle assemblages in northern regions were destroyed during glaciations, and the species currently present there are all generalists with high dispersal ability (Baselga et al., 2012b; Freijeiro & Baselga, 2016) . This fact allowed them to colonize the northern areas from southern refugia, especially the Italian peninsula (Freijeiro & Baselga, 2016) .
The case of diaptomid copepods clearly shows a different pattern, suggesting that Holocene recolonization of central and northern Europe from Italian and Iberian peninsulas was negligible. The fact that these peninsulas show more faunal affinities to northern-African regions of the western Mediterranean area than to western Central Europe, suggests that the Pyrenees and the Alps, due to their ''eastwest'' arrangement, acted as effective barriers preventing southern species to migrate northwards. Recolonization of north-western European regions was probably realized from refugia located north of these mountain chains as suggested for Hemidiaptomus amblyodon (Marenzeller, 1883) by Marrone et al. (2010) and for other groups of gonochoric crustaceans (e.g., Reniers et al., 2013) . Conversely, the Carpathians, due to their geographic ''north-south'' arrangement following an arc, did not act as a barrier, allowing species from the Balkan Peninsula and Turkey to recolonize north-eastern Western Palearctic, along with species coming from Siberia. The low latitudinal decay rate in the eastern part of Western Palearctic, and the significant increase of nestedness with distance, together with the results of cluster analysis, fully support this hypothesis. Moreover, a similar recolonization pattern was already observed by Hewitt (1999 Hewitt ( , 2004 for the paradigmatic grasshopper species Chorthippus parallelus (Zetterstedt, 1821).
However, in the south-eastern part of the studied area, the regions LIB, EGY, and MID show a peculiar faunal composition characterized by a low species richness and by the ingression of species of southern origin [e.g., Metadiaptomus mauretanicus and Thermodiaptomus galebi (Barrois, 1891)]. This cluster appears not contributing to Holocene recolonization of the northerly located limnofaunistic regions encompassing the cluster including Turkey (TUR), Balkans (HEL, EAB, PON, CAR, HUN), Eastern Plains (EAP), and the Caspian depression (CAS).
In synthesis, we observe a complex post-glacial pattern of recolonization of the higher latitude regions encompassing the importance of extra-Mediterranean refugia in the West (due to mountain chains which represent effective barriers) and a more typical pattern of post-glacial recolonization from southern refugia in the East, where mountain chains are north-south oriented and therefore less effective as barriers. Although diaptomid copepods are not easily found in fossil records, and the only evidence known up to date refers to some late Quaternary egg sacs found in Greenland and Denmark (Bennike, 1998) , the taxon actually delivers a very well defined paleogeographic signal which can be decoded using their current diversity and distribution.
Unfortunately, after the twentieth century progresses in diaptomid systematics and biogeography, the generalized decline of taxonomy and the low number of taxonomists currently working on this taxon prevent the collection of the large amount of new distributional data needed to explore in greater detail the biogeographic scenario outlined in the present paper.
b Fig. 4 Variation of diaptomid species similarity across the Western Palearctic. a, b Geographic subdivision between (a) northern (dark gray) and southern (light gray), and (b) western (dark gray) and eastern (light gray) Western Palearctic. c, d Relationships between turnover component of species similarity (1-ß sim ) and geographic distance in (c) northern (black dots) and southern (gray dots) and (d) western (black dots) and eastern (gray dots) Western Palearctic; exponential decay curves are reported. (e, f) Relationships between the nestedness component of species similarity (1-ß nes ) and geographic distance in (e) northern (black dots) and southern (gray dots) and (f) western (black dots) and eastern (gray dots) Western Palearctic; regression lines are reported
